Abstract It is well-established that following ingestion of aspirin or any other inhibitor of cyclooxygenase-1, patients with Samter's disease, or aspirin-exacerbated respiratory disease (AERD) develop the sudden onset of worsening respiratory clinical symptoms, which usually involves nasal congestion, rhinorrhea, wheezing and bronchospasm. Gastrointestinal distress, nausea, a pruritic rash and angioedema can also occasionally develop. However, the underlying pathologic mechanism that drives these clinical reactions remains elusive. Pretreatment with medications that inhibit the leukotriene pathway decreases the severity of clinical reactions, which points to the involvement of cysteinyl leukotrienes (cysLTs) in the pathogenesis of these aspirin-induced reactions. Furthermore, studies of aspirin challenges in carefully-phenotyped patients with AERD have confirmed that both proinflammatory lipid mediators, predominantly cysLTs and prostaglandin (PG) D 2 , and the influx of effector cells to the respiratory tissue, contribute to symptom development during aspirin-induced reactions. Mast cells, which have been identified as the major cellular source of cysLTs and PGD 2 , are likely to be major participants in the acute reactions, and are an attractive target for future pharmacotherapies in AERD. Although several recent studies support the role of platelets as inflammatory effector cells and as a source of cysLT overproduction in AERD, it is not yet clear whether platelet activation plays a direct role in the development of the aspirin-induced reactions. To further our understanding of the pathogenesis of aspirin-induced reactions in AERD, and to broaden the pharmacotherapeutic options available to these patients, additional investigations with targeted clinical trials will be required.
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Introduction
Aspirin-exacerbated respiratory disease (AERD) is characterized by the triad of asthma, eosinophilic rhinosinusitis and nasal polyposis, and the onset of respiratory reactions induced by the ingestion of aspirin or any nonsteroidal antiinflammatory drugs (NSAIDs) that inhibit the cyclooxygenase (COX) 1 enzyme. The syndrome typically begins in young adulthood, with the onset severe nasal congestion, followed by progression to eosinophilic rhinosinusitis and recurrent nasal polyposis, and then the development of lower respiratory tract symptoms and eventually persistent asthma. The asthma is often severe, and patients with AERD tend to have lower baseline lung function than do those with aspirin-tolerant asthma, suggesting the presence of airway remodeling. 1 Lastly, if patients with AERD ingest any COX-1 inhibitor, an acute reaction develops within 1e3 h, which generally involves both upper and lower respiratory symptoms. Therefore, the disease encompasses two distinct disease phases: the chronic baseline respiratory tract inflammation that presents as asthma and recurrent nasal polyposis, and the acute hypersensitivity reactions triggered by COX-1 inhibitors. Although these respiratory reactions are the defining feature of the syndrome, the initial inflammatory respiratory disease process begins and continues independently of exposure to NSAIDs. However, the acute precipitation of worsening pathophysiology observed in the setting of an NSAID-induced respiratory reaction not only serves as the diagnostic gold standard for patients with AERD, but also offers insight into the cellular and biochemical abnormalities that underlie the syndrome. 2 Both the baseline respiratory pathology and the clinical reactions to NSAIDs are accompanied by activation of effector cells, including mast cells and eosinophils, and by derangements in the metabolism of arachidonic acid, leading to the overproduction of both leukotrienes and prostaglandins (PGs). Unfortunately, neither the pathophysiology of the chronic underlying disease nor the mechanisms of the NSAID-induced reactions are completely understood, and future progress in this disease will require additional studies performed in carefully-phenotyped subjects with AERD.
Clinical features of NSAID-induced reactions
NSAID-induced reactions in patients with AERD tend to follow a very stereotyped clinical pattern. Classically, upper and/or lower respiratory symptoms will develop within 30e180 min after exposure to any inhibitor of COX-1 (e.g. aspirin, ibuprofen, naproxen, ketorolac). The most commonly noted respiratory symptoms include nasal congestion, rhinorrhea, sneezing, coughing, wheezing, and drop in lung function. These drug-induced symptoms are not immunoglobulin (Ig) E-dependent and therefore are more accurately classified as "hypersensitivity" reactions rather than "allergic" reactions. The respiratory reactions can also occasionally be triggered by higher doses of acetaminophen (1000 mg) which has mild COX-1 inhibitor properties, 3 but selective COX-2 inhibitors are generally considered to be safe for patients with AERD. 4, 5 There are several validated and clinically-useful NSAIDchallenge protocols available in United States, 6, 7 which use oral aspirin and/or intranasal instillation of ketorolac, with another protocol available in Europe and Asia 8 that uses intranasal lysine aspirin. In a subset of patients with AERD, in addition to the classical respiratory symptoms, NSAID exposure can also induce extra-pulmonary systemic symptoms involving both the skin and the gastrointestinal tract. These may present as flushing, macular rash, and/or pruritus, along with abdominal pain/cramping, and/or nausea and vomiting. 7, 9 The route of NSAID challenge and the premedication regimen selected are key predictors of both respiratory symptom severity and rates of extra-pulmonary skin and gastrointestinal symptoms. In patients undergoing an oral aspirin challenge protocol who were not on a leukotriene modifying drug, 39% of them developed an aspirin-induced fall in FEV 1 of >20%, whereas only 18% of the patients who were on a leukotriene modifying drug (i.e. montelukast, zafirlukast, or zileuton) developed a fall in FEV1 of >20% during their aspirin-induced reaction. 10 Occasionally pretreatment with a leukotriene modifying drug may completely prevent reaction symptoms during aspirin challenge. 11 These effects of leukotriene modifying drugs support our current understanding of the inflammatory role of cysteinyl leukotrienes (cysLTs) in the pathogenesis of AERD and will be covered further below.
Altering the route of NSAID exposure from oral to intranasal decreases the severity of the respiratory and extrapulmonary symptoms observed during the challenge. Because lysine aspirin, the more soluble form of aspirin, is not available in the United States, the standard intranasal protocol instead involves instillation of 4 doses of intranasal ketorolac before moving forward to complete the protocol with oral aspirin. 12 A study of patients desensitized to aspirin using this intranasal ketorolac protocol demonstrated that it is generally a safer way of achieving aspirin desensitization than a protocol using only oral aspirin administration. The intranasal ketorolac protocol decreased the severity of lower respiratory reactions and decreased the percentage of patients who developed extra-pulmonary reactions. 7 Intranasal lysine aspirin administration can similarly be used for aspirin challenge and also leads to less lower respiratory and extrapulmonary symptoms than do oral aspirin protocols. 8 These intranasal challenge studies suggest that decreasing the systemic exposure to the COX-1 inhibitor decreases the development of systemic symptoms without compromising the ability to induce desensitization. Additionally, they suggest that there may be inflammatory contributions from effector cells and mediators that derive from both the local nasal tissues and the systemic circulation.
Pathophysiology of NSAID-induced reactions
The defining respiratory reactions in AERD are caused exclusively by drugs that inhibit the COX-1 isoenzyme. All COX-1 inhibitors trigger similar respiratory reactions, demonstrating that it is their pharmacologic action, and not an immunologic response, that provides their ability to induce reactions. Despite the somewhat stereotyped nature of the NSAID-induced reactions in patients with AERD, there is still significant patient-to-patient variation in the clinical presentation of these reactions, and the specific cellular and biochemical perturbations that cause the NSAID-induced reactions may vary from patient-topatient. Indeed many complex and interconnected abnormalities have been reported in the cellular and mediator pathways that may contribute to AERD. No primary and universal pathologic mechanism has yet been identified for this disease, but much progress has recently been made in the field, and we are beginning to draw enough conclusions from which to eventually piece together the entire puzzle. We now know that specific lipid mediators, including cysLTs and prostaglandins, and several effector cells of the innate immune system, including mast cells and eosinophils, play key roles in the development of NSAID-induced reactions in AERD.
Lipid mediators Leukotrienes
One of the first pathophysiologic findings noted in AERD was increased production of cysLTs, a class of potent inflammatory lipid mediators, derived from the metabolism of arachidonic acid. 13, 14 Mast cells, eosinophils and plateletadherent leukocytes, all of which are present at high concentrations in the respiratory tissue of patients with AERD, each have both functional 5-lipoxygenase and leukotriene C4 synthase enzymes, and therefore have the capacity to synthesize cysLTs. Using measurements of LTE 4 , the stable end-metabolite of cysLTs, patients with AERD were found to have high baseline levels of cysLTs compared with healthy patients and aspirin-tolerant asthmatic (ATA) controls, which further increased in urine and nasal fluid during aspirin-induced reactions. Chronic levels of urinary LTE 4 are often 10-fold higher in AERD than in ATA patients, and they further increase during aspirin-induced reactions in AERD. 13 The magnitude of bronchoconstriction observed during provocative oral aspirin challenges is associated with the degree of baseline urinary LTE 4 elevation and the extent to which LTE 4 rises during reaction, 15 and higher baseline cysLT levels are associated with the development of both upper and lower respiratory symptoms during a reaction. 16 The cysLTs can induce edema, bronchoconstriction, and mucous secretion into the airways, 17e19 and LTE 4 induces recruitment of eosinophils to the respiratory tissues in asthmatic subjects. 20 Furthermore, drugs that either interfere with the synthesis of cysLTs, like the 5-lipoxygenase inhibitor zileuton, or block one of their receptors, like the CysLT1R antagonists, blunt the clinical and pathophysiological features of reactions to COX-1 inhibitors. 21, 22 Therefore, cysLTs most certainly contribute to the development of NSAIDinduced reactions in AERD, but neither the precise mechanism that triggers the overproduction of cysLTs, nor their cellular source(s) are known. There are several potential mechanisms for the overproduction of cysLTs in AERD, and current data supports a role for impairments in PGE 2 production 23 and the contributions of activated mast cells 21, 24 and of platelet-leukocyte aggregates, 25 as detailed below.
Prostaglandins: prostaglandin D2, prostaglandin E2, and thromboxane A2 Prostaglandin D2 (PGD 2 ) is another inflammatory lipid mediator that is derived from the metabolism of arachidonic acid, and recent studies have suggested that it too is overproduced in AERD. Patients with AERD have been found to have high levels of PGD 2 or one of the metabolites of PGD 2 at baseline when compared with aspirin-tolerant controls. 26, 27 These levels rise further during aspirin-induced reactions, with significant increases demonstrated at the onset of symptoms of clinical reaction in both the plasma 26 and the urine. 27, 28 Additionally, baseline levels of urinary tetranor-PGD-M, one of the major urinary PGD 2 metabolites, correlate with the maximum fall in lung function, measured as a drop in FEV1, during aspirin-induced reactions and the rise in tetranor-PGD-M during reactions correlates with severity of clinical symptoms observed. 9 In fact, patients with AERD who are measured to have the highest PGD 2 levels during their aspirin-induced reactions are those who develop the most notable extra-respiratory symptoms, specifically rash and gastrointestinal distress, including abdominal pain and nausea, which can make it more difficult for patients to successfully complete their aspirin desensitization procedure. 9 These data suggest that PGD 2 plays a significant role in the clinical symptoms both at baseline and during aspirininduced reactions in AERD. Considering the known biologic effects of PGD 2 , there are several mechanisms by which PGD 2 may be responsible for components of the inflammatory state in AERD. First, the PGD 2 metabolite 9a,11b-PGF 2 is a potent bronchoconstrictor, 29 which is mediated through its signaling at the T prostanoid receptor (TP). PGD 2 is also a chemoattractant for several effector cell groups, including eosinophils, basophils, and innate lymphoid type 2 cells through the chemokine receptor homologous molecule expressed on Th2 lymphocytes (CRTH2). 30 The rise in PGD 2 production during aspirin-induced reactions correlates negatively with a fall in peripheral blood eosinophil levels, suggesting the chemotaxis of these CRTH2 þ cells out of the periphery and toward the respiratory tissue. 27 Finally, the positive correlation between nasal symptoms scores and PGD 2 levels may be due to the actions of PGD 2 at the DP1 receptor, which could cause acute swelling of the sinuses and airway, leading to the extreme nasal congestion that occurs during aspirin-induced reactions.
Though there is clearly mechanistic plausibility for a major role of PGD 2 in AERD, several unanswered questions remain. Neither the specific cellular source of PGD 2 is known, though it is assumed to be largely derived from activated mast cells, nor is the driver of the chronic overproduction of PGD 2 seen at baseline in some patients with AERD. Further, as PGD 2 is a COX-derived lipid, how is it that PGD 2 is being produced during aspirin-induced reactions, following pharmacologic inhibition of COX-1? We suspect that mast cells are the dominant cellular source of PGD 2 , as it is the primary COX-derived product released from mast cells, and in addition to PGD 2 , acute activation of mast cells leads to the release of tryptase, histamine and cysLTs, all of which are found at high levels in the respiratory fluids during aspirin-induced reactions. 21, 24 Eosinophils, which are abundant in both the nasal polyps and the lung tissue in AERD, are another possible source of PGD 2 . However, on a per-cell basis, eosinophils express much less transcript forHPGDS, the terminal PGD 2 synthase enzyme, than do mast cells. 27 As we now have the clinical availability of both anti-eosinophil agents and anti-CRTH2 agents, hopefully upcoming results of human studies using these drugs will provide us with more conclusive evidence for the role of PGD 2 in AERD.
It has long been surmised that the inhibition of COX-1 following aspirin ingestion may cause a decrease in COX-1-derived PGE 2 , and that the loss of this anti-inflammatory prostaglandin could be a key mechanistic factor underlying aspirin-induced reactions in AERD. Several groups have shown abnormalities all along the PGE 2 production and signaling pathway, including specific deficiencies in the expression of COX-2, mPGES-1, and the EP 2 receptor in subjects with AERD.
31e36 These deficiencies could collectively reduce the ability of cells within the respiratory tissue to upregulate PGE 2 production during times of inflammation, making patients with AERD particularly sensitive to COX-1 inhibition. Two clinically-relevant findings support this hypothesis: (1) in 11 patients with AERD, PGE 2 levels in the bronchoalveolar lavage fluid fell significantly 15 min after bronchial aspirin challenge 37 and (2) pretreatment with inhaled PGE 2 prevented both the aspirin-induced rise in urinary LTE 4 and the aspirininduced fall in FEV1 during aspirin challenge. 23 PGE 2 is known to negatively regulate the 5-lipoxygenaseenzyme 38 and an aspirin-induced fall in PGE 2 production in the local respiratory tissues could be a driving factor for the overproduction of cysLTs, which require metabolism through 5-lipoxynase. However, there are several reasons that during times of COX-1 inhibition, a simple "shunting" of COXderived products to 5-lipoxygenase-derived products cannot be the underlying mechanism. First, such a shunting pathway would exist in all healthy patients as well, and no increase in cysLTs is noted in aspirin-tolerant patients following aspirin ingestion. Second, in cohort of patients with AERD, ingestion of aspirin did not cause a decrease in nasal PGE 2 level seven when their nasal cysLT levels did increase. 39 Aspirin has been in medical use for over a century, and is well-known to have direct effects on other arachidonic acid metabolites as well, especially thromboxane (TX) A 2 . 40 It is the anti-platelet effects that follow from aspirin-induced inhibition of TXA 2 that are thought to underlie the dramatic cardioprotective effects of low-dose aspirin. In addition to platelet activation, TXA 2 potently causes brochoconstriction, 41 mediating its effects through the TP receptor. As expected from the pharmacology, TXA 2 and its metabolites decrease during aspirin-induced reactions in most patients with AERD. 42 However, the subset of patients who demonstrate the most excessive PGD 2 overproduction during their reactions similarly demonstrate TXA 2 overproduction, as measured by an increase in the urinary metabolite11-dehydroTXB 2 . 9 The TP receptor, which facilitates bronchoconstriction and through which both PGD 2 metabolites and TXA 2 can signal, is likely to play a role in the lower respiratory symptoms and fall in FEV1 that are so common during NSAID-induced respiratory reactions in AERD. Phase II clinical trials of a selective TP receptor antagonist in patients AERD 43 are ongoing and should better inform our understanding of the importance of this prostaglandin receptor signaling pathway.
A summary of the metabolism of arachidonic acid in respiratory tissues in patients with AERD is presented in Fig. 1 .
Cells
The role of tissue mast cells, eosinophils, basophils and platelets have been the main focus of ongoing research in AERD, and evidence supports a role for each of these cells in mediator production and/or activation and migration to the respiratory tissue during NSAID-induced reactions.
Mast cells
Mast cells are long-lived effector cells in the that play a key role in respiratory tissue inflammation in AERD. In patients with AERD, aspirin-induced reactions cause an increase in nasal tryptase, histamine and cysLTs, and pretreatment with zileuton, a 5-lipoxygenase inhibitor, blocks both the clinical nasal symptoms and the increase in nasal tryptase and cysLTs. This demonstrates that mast cells are acutely activated during the reactions to NSAIDs, and that 5-lipoxygenase products (cysLTs) are important for the development of the clinical symptoms observed. 21 Tryptase and histamine can also increase systemically during aspirin reactions, and this tends to be most notable in patients with more severe reactions and with extra-pulmonary symptoms. 44 However, there are no differences in the numbers of mast cells within the nasal polyp tissue of patients with AERD 27 and there is no evidence that the mast cell activation measured during NSAID-induced reactions is IgE dependent. Therefore, it is unclear why mast cell activation occurs following NSAID ingestion in AERD and not in aspirin-tolerant healthy controls. One explanation is the impairment in PGE 2 production observed in subjects with AERD. PGE 2 serves as an inhibitor of 5-lipoxygenase, and therefore of mast cell activation 45 and the loss of this inhibition following the pharmacologic blockade of COX-1 may allow for unbraked mast cell activation.
Eosinophils/basophils
Chronic eosinophilic sinusitis and eosinophilic infiltration of the nasal polyp tissue is a hallmark of AERD. Tissue eosinophils likely drive much of the chronic inflammation in the respiratory tissue, and mild-to-moderate peripheral blood eosinophilia is also common in AERD. 27, 46 Less is known about basophils in the disease, but during an aspirin-induced reaction, a migration of both eosinophils and basophils into the nose is observed, 47 and similarly into the bronchoalveolar lavage fluid following an inhaled aspirin challenge. 37 Correspondingly, a decrease of peripheral blood eosinophils within 1 h of the onset of reaction symptoms following aspirin challenge has been observed. 27, 42 This migration of CRTH2 þ cells from the peripheral blood into the inflamed respiratory tissue, which occurs when PGD 2 levels are rising within the tissues, suggests that effector cells may be responding to a PGD 2 gradient produced from within the local tissue. 27 
Summary
It is generally accepted that the clinical symptoms invoked during NSAID-induced reactions in patients with AERD are due to both the acute release of proinflammatory lipid mediators, including cysLTs and PGD 2 , and the rapid migration of effector cells, eosinophils and basophils and possibly others, into the respiratory tissues. Evidence also suggests that these lipid mediators are largely produced by mast cells. However, there are many remaining mysteries regarding the inciting trigger for the development of AERD, and regarding the underlying cause of the pathognomonic NSAID-induced reactions. Further translational research is required to fully understand the mechanisms of reaction, and we hope that understanding more about the pathogenesis of the COX-1 inhibitor-induced reactions will provide us with a better understanding of the disease overall.
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